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I. INTRODUCTION
Transition metal dichalcogenides (TMDCs; general formula MX 2 , where M = Mo, W, Sn, Hf, Zr, Pt, etc., and X = S, Se, Te, etc.), which are layered materials, have attracted much attention in recent years. They have been reported on high mobility despite atomic-level thickness, a moderate band gap, and unique optical and physical properties [1] - [28] . They are classified into two types of crystal structures, groups VIB and IVB, as shown in Figs. 1 and 2. Among VIB TMDCs, a molybdenum disulfide (MoS 2 ) film has been widely investigated [5] - [30] ; however, its mobility is not much higher than that of silicon. On the other hand, the mobilities of group IVB TMDCs are higher than those of the VIB type [1] - [4] . Also, sulfide-based group IVB TMDCs are relatively stable compared to seleniumand tellurium-based TMDC films. Furthermore, for hafnium disulfide film, one preliminary finding is that it is difficult to prevent its oxidation. Therefore, a zirconium disulfide (ZrS 2 ) film seems to be a suitable candidate, having a calculated mobility of 1,200 cm 2 V −1 s −1 , a moderate band gap of 1.08 eV, and good optical characteristics [1] , [2] , [31]- [33] .
A previous report speculated that ZrS 2 -based tunneling field-effect transistors (tFETs) have a high current density of ∼ 800 µA/µm, which is ∼ 10 2 times higher than that of MoS 2 film [34] . Recently, ZrS 2 films formed by chemical vapor deposition (CVD) and exfoliation have been reported. However, their films have low coverage and a mobility of [38] . Industrial applications of ZrS 2 film require a formation with a large area and high quality. Our previous reports confirmed that a layered MoS 2 film with a large area was successfully formed on a SiO 2 film, and that a sulfurization process enhanced the electrical properties of the MoS 2 film [39]- [44] .
In this study, ZrS 2 film formation is investigated by using a sputtering and sulfurization process for the first time.
II. EXPERIMENTAL METHODS
SiO 2 /Si is used as a base substrate and cleaned with a wet process using piranha solution. ZrS 2 films were formed by an ultra-high vacuum (UHV) radio frequency (RF) magnetron sputtering tool with a ZrS 2 target of 99% purity, as illustrated in Fig. 3(a) . The sputtering parameters were 
FIGURE 2. Band alignment and mobilities of monolayer TMDCs with position of valence band maximum and conduction band minimum. Effective mass values in the -M and -K directions have been reported [1]-[2]. High mobility can be expected among group IVB TMDCs in which ZrS 2 film is expected to be relatively stable compared to others in group IVB.
substrate temperatures from 200 to 400 • C, argon pressures from 0.35 to 0.75 Pa, sputtering powers from 50 to 90 W, and a distance of 150 mm between the ZrS 2 target and Si substrate. Fig. 3 (b) illustrates a sulfur vapor annealing furnace with two zones in argon flow under 100 Pa for sulfur compensation. Sulfur powder was placed in the first heating zone at 250 • C for 40 min, and sample wafers were placed in a second heating zone heated from 500 to 700 • C for 10-60 min. The Raman spectroscopy with a laser wavelength of 532 nm at 1.5 W and the Hall-effect measurements were performed with 10 times per each samples for whole coupon consisting of 2 cm x 2 cm. Figure 4 shows the Raman spectra of ZrS 2 films with various thicknesses. The E 2g 1 and A 1g peak intensities of ZrS 2 film are observed at 248 and 331 cm −1 respectively, consistent with previous reports [45] , [46] . In the case of ZrS 2 film, the E 2g 1 peak is very small compared to the A 1g peak Intensities have been normalized by silicon peak.
III. RESULTS AND DISCUSSION
because Raman peak intensities are very sensitive to a film thickness, and a similar phenomenon has been reported in a previous study [46] . The intensity of ZrS 2 film decreases with a decrease in a thickness, and the 5 nm ZrS 2 peak is hardly observed even after sulfurization at 700 • C for 40 min. For further sulfur compensation of ZrS 2 film, a dependence on sulfurization temperature was investigated. Fig. 5 shows the Raman spectra of the 10 nm ZrS 2 film depending on the annealing temperature. The both E 2g 1 and A 1g peaks increase with an increase in sulfurization temperature. This is because the sulfur compensation and migration of the ZrS 2 film were enhanced.
In order to discuss the electrical properties of the ZrS 2 film, the Hall-effect mobility and carrier density are evaluated in Figs. 6 to 8. ZrS 2 films were prepared some sputtering conditions, and just one temperature at 700 o C during sulfur annealing was adopted because the Raman result was effectively improved. In Fig. 6 , the Hall-effect mobility decreases and carrier density increases with a decrease in sputter power at less than 70 W. On the other hand, at higher power, they also degraded. This might be because the kinetic energy of ZrS 2 particles improves crystallinity and induces damage at lower and higher powers, respectively. In Fig. 7 the Hall-effect mobility decreases and carrier density increases with an increase in pressure to more than 0.55 Pa. On the other hand, they exhibit the same behaviors under pressure slightly less than that. It is speculated that the kinetic energy of sputtered particles is not sufficient to grow under a pressure of more than 0.55 Pa. Below 0.55 Pa, damages in the ZrS 2 film can be predicted. In Fig. 8 the Hall-effect mobility increases and carrier density decreases with an increase in sputtering temperature. This might be because ZrS 2 particles receive the thermal energy from the substrate to migrate. Eventually, the average values of the Hall-effect mobility 1,250 cm 2 V −1 s −1 and the carrier density 8.5 x 10 17 cm −3 were remarkably achieved by using sputtering and sulfur annealing. For repeatability, the similar mobilities and carrier densities are obtained with about 1,200 and 7.0 x 10 17 cm −3 in a next lot as average values.
In order to confirm a layered structure of ZrS 2 film, crosssectional transmission electron microscopy (TEM) images were observed in Figs. 9 (a), (b) and (c) under each sputtering conditions. Although a layered ZrS 2 film is observed even at room temperature in Fig. 9 (a) , parallel ZrS 2 layers to a SiO 2 surface are successfully achieved at a substrate temperature of 400 • C in Fig. 9 (b) . It is speculated that migration of the ZrS 2 film was enhanced by a higher sputtering temperature. However, the grain size is limited up to 15 nm approximately. Fig. 9 (c) is a low-magnified TEM image of (b), and a uniformity of film thickness on the order of micrometers is confirmed.
In order to confirm the thermal stability of ZrS 2 film in the air, x-ray photoelectron spectroscopy (XPS) was performed. In Figs. 10 (a) and (b), Zr3d 2/3 , Zr3d 5/2 , S2p 3/2 , and S2p 1/2 peaks are observed, consistent with reported peaks [47] . On the other hand, peaks of S-O and Zr-O bonds are slightly detected, as shown in Figs. 10 (b) and (c), due to an exposure to the atmosphere [48] , [49] . A passivation technique is required to preserve the higher mobility and lower carrier density of atomically-layered ZrS 2 film.
IV. CONCLUSION
The formation of atomic-layered polycrystalline ZrS 2 film was successfully performed by sputtering and sulfur annealing. The electrical properties of the ZrS 2 film were enhanced by controlling the sputtering parameters, and a Hall-effect mobility of 1,250 cm 2 V −1 s −1 and a carrier density of 8.5 x 10 17 cm −3 were remarkably achieved. Advanced MISFETs with ZrS 2 film having such good performances are strongly expected for IoT edge devices.
